ABSTRACT-The purpose of present study was to assess the therapeutic effect of hypothermic retrograde jugular vein flush (HRJVF) on heat stroke.
INTRODUCTION
Heatstroke is a life-threatening syndrome characterized by multiple organ dysfunction (including arterial hypotension), hyperthermia, and central nervous system disorders (1, 2) . Excessive activation of systemic inflammation and hypercoagulable state may contribute to multiple organ failure and dysfunction in heat stroke (3) . Hypothermia is the current therapy of choice for heatstroke because no pharmacologic agent is available (1, 2) . Recently, we used the hypothermic retrograde jugular vein flush (HRVJF) to cool the brain and provided better brain protection than peripheral cold saline perfusion during heatstroke in the rat (4, 5) . We concluded that HRJVF protected the brain by maintaing cerebral blood flow in rats after heatstroke.
However, the true mechanism of protection exerted by brain cooling during heat stroke remains unclear.
The conventional explanation of the neuroprotective hypothermia holds that the hypothermic decline of the cerebral metabolic rate of oxygen maintains the aerobic metabolism (6, 7) . However, evidence has accumulated to indicate that hypothermia may reduce tissue damage by suppressing oxidative stress (8) (9) (10) (11) (12) (13) (14) . It is likely that HRJVF resuscitates heat stroke victims by attenuating cerebral oxidative stress (15), systemic inflammation, activated coagulation, and tissue ischemia/injury (3) .
To test this hypothesis, the present study was undertaken in anesthetized rats to determine the effect of HRJVF on the malondialdehyde, reduced-form glutathione (GSH), oxidized-form GSH (GSSG), GSSG/GSH ratio, glutathione peroxidase (GPx) activity, glutathione reductase (GR) activity, catalase activity, and superoxide dismutase (SOD) activity in different brain structures of heatstroke rats with or without HRJVF. In addition, this study was to compare the temporal profiles of cardiovascular dysfunction, hypercoagulable state, and tissue ischemia and damage Manuscript ID: 280/05M 4 during heat stroke in the rat with or without HRVJF.
MATERIALS AND METHODS

Experimental animals
Experiments were performed in male adult Spraque-Dawley rats (weighing 247-348 g), which were obtained from the Animal Resource Center, National Science Council (Taipei, Taiwan, Republic of China). The animals were housed four to a cage at an ambient temperature of 22 ± 1 o C, with a 12-h light / dark cycle. Pelleted rat chow and tap water were available ad libitum. The experimental protocol was approved by the Animal Committee of the Chi-Mei Foundation Hospital. Animal care and experiments were conducted according to the National Science Council guide lines. They were allowed to become acclimated for ≧1 wk. Adequate anesthesia was maintained to abolish the corneal reflex and pain reflexes induced by tail-pinching throughout all experiments by an intraperitoneal dose of sodium pentobarbital (60 mg/kg body weight). At the end of the experiments, control rats and any rats that had survived heat stroke were killed with an overdose of sodium pentobarbital.
Induction of heat stroke
Rats under anesthesia were randomized into three major groups as described in water. The moment at which the mean arterial pressure (MAP) dropped to 25 mmHg from the peak level was taken as the onset of heat stroke (16-18). Immediately after the onset of heat stroke, the heating pad was removed and the animals were allowed to recover at room temperature (24 o C). Our pilot study showed that the latency for the onset of heat stroke (interval between the start of heat exposure and the onset of heat stroke) was found to be 70 ± 3 min for the HS group (n=8). Physiologic parameters and survival times (intervals between the initiation of heat exposure and animal death)
were then observed to 480 min (or the end of experiments). For comparison with the HS group, all HS+J group animals were exposed to heat for exactly 70 min and were then allowed to recover at room temperature (24 o C).
Surgery and physiologic parameter monitoring
The right femoral artery and vein of rats were cannulated with polyethylene reduced-form glutathione (GSH), oxidized-form glutathione (GSSG), GSSG/GSH ratio, catalase, and superoxide dismutase (SOD) in different brain structures including the hypothalamus, the cortex, the hippocampus, the striatum, the cerebellum, and the brain stem.
Biochemical measurements
Blood samples at 0, 70, and 85 min after initiation of heat stress were drawn by arterial femoral cannulation. Properly calibrated and controlled automated devices were used to determine complete blood counts (CellDyn 400; Abbott Diagnostics, Santa Clara, CA), liver profiles (Hitachi 912; Mannheim-Boehringer, Mannheim, Germany), and coagulation profiles (BCS; Dade Behring, Miami, FL).
Tumor necrosis factor-alpha (TNF-α) was assayed in plasma by using specific enzyme-linked immunoabsorbant assays (Quantikine; R&D Systems, Minneapolis, MN) according to the manufacturers' instruction. The detection limits were 3 pg/mL.
For determination of plasma protein C, recombinant mouse and rat protein C were prepared essentially previously (20), and mouse protein C was needed to obtain rabbit anti-mouse protein C polyclonal antibody that was cross-reactive to rat for use in a standard enzyme-linked immunosorbent assay. For determination of circulating protein C concentrations, plasma samples for each animal were diluted and assayed in triplicate using this enzyme-linked immunoabsorbant assay; recombinant rat protein C was used as the reference standard.
Measurements of extracellular glutamate, glycerol, lactate/pyruvate ratio, dopamine, and serotonin in the striatum
Each animal was anesthetized with sodium pentobarbital administered intraperitoneally. The animals were mounted in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) with the nose positioned 3.3 mm below the horizontal line.
After a midline incidion, the skull was exposed and a bur hole was made in the skull for the insertion of a dialysis probe (4 
Measurement of extracellular hydroxyl radicals
The concentrations of hydroxyl radicals were measured by a modified procedure based on the hydroxylation of sodium salicylate by hydroxyl radicals, leading to the production of 2,3-DHBA and 2,5-DHBA (14,17). A Ringer's solution containing 0.5 mM sodium salicylate was perfused through the microdialysis probe at a constant flow rate (1.2 ml/min). After 2 h of stabilization, the dialysates from the striatum were collected at 10 min intervals. An Alltima reverse-phase C18 column (BAS, 150X1
MM I.D., particle size 5 mm) was used to separate the DHBAs, and the mobile phase 
Determination of lipid peroxidation
Lipid peroxidation was assessed by measuring the levels of malondialdehyde (MDA) with 2-thiobarbituric acid (TBA) to form a chromophore absorbing at 532 nm 
Quantification of total and oxidized glutathione
Tissues were homogenized in 5% 5-sulfosalicylic acid (1:10 w/v) at 0 o C, and the supernatants were used to analysis of total and oxidized glutathione. Total GSH (GSH+GSSG) was analyzed according to Tietze method (22) and oxidized GSH was determined as described by Griffith (23). The recycling assay for total GSH is oxidized by 5,5'-Dithiobis[2-nitrobenzoic acid] (DTNB) to give GSSG with stactometric formation of 5-thio-2-nitro-benzoic acid (TNB). GSSG is reduced to GSH by the action of the highly specific glutathione reductase and NADPH. The rate of TNB formation is followed at 412 nm and is proportional to the sum of GSH and GSSG present.
Monitoring of GPx and GR activity
To measure cytosolic GPx and GR activities, tissues were homogenized in buffer solutions containing 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, and 1 mM dithiothreitol (DTT). The homogenates were centrifuged at 8500 x g for 15 min at 4 o C, and supernatants were used for GPx and GR activity assay. The GPx and GR activities were performed with a commercial glutathione peroxidase cellular activity assay kit (Oxis Research, Portland, USA) and a glutathione reductase assay kit (Oxis Research, Portland, USA), respectively. One unit of GPx or GR activity was defined as the amount of sample required to oxidize 1 µmol of NADPH per minute based on the molecular absorbance of 6.22x10 6 for NADPH.
Neuronal damage score
At the end of the experiments, animals were killed by overdose of sodium pentobarbital and the brains were fixed in situ and left in the skull in 10% neutral buffered formation for at least 24 h before removal from the skull. The brain was removed and embedded in paraffin blocks. Serial (10 um) sections through different brain structures including the hypothalamus, the hippocampus, the striatum, the frontal cortex, the cerebellum, and the brain stem were stained with hematoxylin and eosin for microscopic examination. The extent of cerebral neuronal damage was scored on a scale of 0 to 3 (24). According to the grading system, 0 is normal, 1
indicates approximately 30% of the neurons are damaged, 2 indicates that approximately 60% of the neurons are damaged, and 3 indicates that 100% of the neurons are damaged. Each hemisphere was evaluated independently without the examiner knowing the experimental conditions. When examined for neuronal damage in gray matter, only areas other than those invaded by probes were assessed.
Superoxide dismutase (SOD) and Catalase activity monitoring
To measure cytosolic SOD and catalase activities, tissues were homogenized in 
Statistical Method
Data are presented as the mean ± SEM. For the data presented in Table 1, Table   2 , Table 3 , Table 4 Kruskal-Wallis H test was used for factorial experiments, whereas Dunn test was used for post hoc multiple comparisons among means. Wilcoxon tests were used for evaluatin of neuronal damage scores in Table 5 . Wilcoxon tests convert the scores or values of a variable to ranks require calculation of a sum of the ranks, and provide critical values for the sum necessary to test the null hypothersis at a given significant level. These data were presented as "median", followed by first (Q1) and third (Q3) quartile. P＜0.05 was considered evidence of statistical significance. , all other parameters were not affected by heat stress. In addition, the heat stroke-induced hyperkalemia was not significantly reduced by HRJVF. Table 3 summarizes the plasma levels of activated partial thromboplastin time According to an antomy of brain in the laboratory rat (26), the relatively small internal jugular vein collects blood from the cerebral sinuses, whereas the larger external jugular vein is formed by fusion of the linguo-facial and maxillary vein.
RESULTS
HRJVF improves survival during heat stroke
HRJVF attenuates heat stroke-induced physiologic dysfunction
HRJVF does not improve heatstroke-induced hyperkalemia
HRJVF attenuates heat stroke-induced hypercoagulable state and TNF-α overproduction
HRJVF attenuates heatstroke-induced neuronal damage
Since the internal jugular vein is too small to be cannulated for experimentation, the external jugular vein is chosen for cannulation in the present study. Thirty minuets after 5 mL of retrograde ice saline was infused via the external jugular vein, there was a decrease of 1.6 o C in the striatum of brain (as shown in Figure 2 ).
An overview of the hypothesis of how heat stress leads to multiple organ injury and circulatory dysfunction has been proposed (27). At the whole organism level, heat In the present results, hypothermic retrograde jugular vein flush induced brain cooling in heatstroke rats, and resulted in reduction in oxidative stress, systemic inflammation, and activated coagulation, which led to attenuation of tissue ischemia and injury/dysfunction. Heat shock preconditioning (15) has also been shown to be able to ameliorate heatstroke-induced arterial hypotension and cerebral ischemia and damage in the rat by reducing hyperthermia as well as oxidative stress. These observations prompted us to think that although a reduction in the metabolic rate by induced hypothermia is believed to be the major mechanism by which therapeutic benefits are achieved (6, 7), other mechanisms such as suppressing oxidative stress, systemic inflammation and activated coagulation resulting in reduced tissue damage (8-14) may also be important.
The strength of conclusions could be significantly increased with additional groups using specific therapeutical interventions. Indeed, pretreatment with conventional hydroxyl radical scavengers (e.g., mannitol, α-tocopherol or magnolol)
prevented increased production of hydroxyl radicals, increased levels of lipid peroxidation, and ischemic neuronal damage in different brain structures attendant with heat stroke and increased subsequent survival time (33, 34). Shengmai San (a Chinese herbal medicine) or hypervolemic hemodilution was also shown to be able to prevent or repair ischemic injury in the brain during heat stroke by reducing oxidative stress (35, 36).
In our rat model, overproduction of cytokines including interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and IL-6 in the plasma occurs during heatstroke (33, 37, 38). The circulatory shock occurred during heatstroke can be mimicked by intravenous infusion of IL-1β (37). Previous antagonist of IL-1β receptor (37) are able to improve survival during heatstroke by reducing arterial hypotension and cerebral ischemia and damage (37). The present results further showed that HRJVF improved circulatory shock and cerebral ischemia and injury by reducing both inflammatory activation and hypercoagulable state during heat stroke. Therefore, we conclude that HRJVF may exert its therapeutic benefits by suppressing both cytokine overproduction and hypercoagulable state during heat stroke. In fact, a growing body of evidence has suggested that hypothermia blunts the inflammatory response and reduced organ injury after hemorrhage (39) as well as traumatic brain injury in the rat (40).
Other evidence has accumulated to suggest that marked activation of the nigrostriatal dopamine pathway is associated with ischemic neuronal injury during For human reasons, the present studies were conducted in rats under sodium pentobarbital anesthesia. Anesthesia causes impairment of normal body temperature regulation and has potential effects on the study of heat stroke pathophysiology in this model. Nevertheless, this potential source of variation should have been accounted for by the appropriate controls in the present study.
When the unanesthetized mice were exposed to heat stress, an amount of ~13% of body weight was lost after reaching a core temperature of 39. Hct(%) Ca CNS, central nervous system; DHBA, dihydroxy benzoic acid; GSSG, oxidized-form glutathione; GSH, reduced-form glutathione; GPx, glutathione peroxidase; GR, glutathione reductase.
